Social isolation is a known stressor that negatively impacts the well-being of social species. In rodents, social deprivation experienced either before or after weaning profoundly impacts adult behavioral and neuroendocrine profiles. This study compared the effects of post-natal and post-weaning social deprivation on behavioral profiles and hypothalamic oxytocin (OT) neurons. Male and female Sprague-Dawley rats were assigned to two post-natal groups, maternally separated (MS) or non-MS. MS pups were separated from their mothers for 4 h daily during post-natal days 2-21 while non-MS litters remained undisturbed. Animals were then weaned and assigned to single or group housing conditions (SH/GH). Social behaviors were evaluated two weeks later and at 2-3 months of age, depressive-like behavioral profiles were assessed using the forced swim and sucrose preference tests. Animals were euthanized, and hypothalamic OT neurons were quantified. Post-weaning isolation significantly impacted behavioral profiles, with SH animals displaying more social behaviors than GH animals. SH animals also exhibited more immobility behavior in the forced swim test and a decreased sucrose preference. Effects of sex and MS were relatively limited. Correlation analyses revealed an inverse relationship between the display of antagonistic social behaviors and the numbers of OT cells in the anterior parvicellular division of the paraventricular nucleus (PVNap). There were no correlations between numbers of OT neurons and prosocial or depressive-like behaviors. Our results demonstrate a rapid and persistent disruption of behaviors in SH animals and suggest that some of these effects may be associated with numbers of OT neurons in the PVNap.
Introduction
Affiliative relationships are vital to the well-being of animals belonging to social species, and they depend on interactive relationships throughout their lifespans. Initial child-parent relationships are essential for offspring survival and normal development, and the need for integral relationships persists throughout adulthood. As individuals age, social relationships have as much impact on physical health as smoking, exercise, blood pressure and obesity [1] . Social support derived from primary relationships leads to increased productivity and a decrease in the prevalence of mental disorders [2] , and individuals who are isolated from social support are more likely to develop mental illness and live shorter lives [3] .
Developmental social deprivation
Neonatal and early post-natal social experiences are derived primarily through receipt of maternal care, and it is well estab-lished that maternal deprivation during early life impairs the development of normal social and emotional profiles. Studies in rodents that employ maternal separation (MS) as a neonatal stressor demonstrate that MS disrupts normal social development resulting in the increased display of aggressive behaviors [4, 5] . In both humans and rats, abnormal social behavioral profiles associated with MS appear to be associated with the disruption of physiological stress responses. Early life stress caused by interruptions in maternal care alters functioning of the hypothalamic-pituitary-adrenal (HPA) stress axis [6] [7] [8] . MS increases HPA responses to stress, lowers stress resiliency, and is associated with the display of anxiety and depressive-like behaviors in both primates and rodents [9] [10] [11] [12] .
Adult social deprivation
Similar adverse effects are seen when rodents are subjected to social isolation in adulthood. Rats are highly social animals that normally display a rich variety of interactive behaviors. As rat pups gain independent mobility toward the end of the second week of life, they begin to engage in playful interactions with one another. These social interactions increase in complexity during the post- weaning period, with juvenile rats displaying a broad array of both agonistic and antagonistic social play behaviors (for review, see [13, 14] ). Rats continue to engage in social activities into adulthood, and display a significant preference for social contact over other forms of environmental enrichment [15] . They live and sleep in groups, establish dominance hierarchies, and exhibit cooperative behaviors [16] . These social relationships are important for the functioning of the colony, but also appear to be important to the wellbeing of individual animals [17] ).
Social isolation in rats is a known stressor that causes hypersensitivity of the hypothalamic-pituitary-adrenal (HPA) axis and alters neurotransmitter systems related to stress, anxiety and depression [6, 14, 17] . Single housing of rats and mice has been shown to increase aggressive social behaviors [4, 18] and cause long-term changes in behavior and physiology consistent with stress hyper-reactivity [19] [20] [21] [22] . Individual housing of rodents in the laboratory environment is now considered to be such a significant stressor that current guidelines of the National Research Council of the National Academies require it to be a justifiable necessity [23] .
Oxytocin and sociality
A broad body of research has investigated the neurobiology of social interactions in rodents. The display of social behaviors likely reflects the combined actions of monoaminergic and peptidergic neurotransmitters in cortical and limbic brain areas that process rewarding and/or negative experiences. In recent years, attention has focused increasingly on the role of oxytocin (OT) as a mediator of sociality. OT is a hypothalamic nonapeptide that is most widely recognized for its peripheral effects related to reproductive function. These peripheral actions are attributable to magnocellular OT neurons in the paraventricular and supraoptic nuclei of the hypothalamus (PVN, SON) that project to the posterior pituitary gland. However, a growing body of literature demonstrates an important role for centrally projecting parvicellular neurons of the PVN in mediating the behavioral effects of OT. OT receptors are widely distributed throughout the forebrain [24] [25] [26] , and studies in both rodents and humans suggest an important role for centrally released OT in regulating reproductive and maternal behaviors, social interactions and the formation of social bonds (see [27, 28] for review).
The mechanisms through which OT influences sociality are not fully understood but may involve its role in neuroendocrine responses to stress. Central release of OT leads to a reduction in anxiety and stress reactivity that appears to be mediated through the HPA axis [29] . OT inhibits CRH responses to stress and diminishes stress-induced activity of the HPA axis in both humans [30] , and rats [29] . These effects may serve to increase resiliency to stress, supporting the possibility that OT may also exert anti-depressive effects [31] [32] [33] . Perturbations in the HPA axis are believed to be a fundamental neurobiological irregularity of depression [34] [35] [36] . Consequently, OT may play a compelling role in the etiology of depression because of OT's pivotal role in mammalian social behavior and its ability to attenuate the HPA axis' stress response.
Experimental aims
The aim of the present studies was to compare the effects of post-natal and post-weaning social deprivation on the subsequent display of social play and depressive-like behaviors in rats and to investigate possible correlations between behavioral effects and numbers of hypothalamic OT neurons. MS and non-MS pups were weaned into either a single housed (SH) or group housed condition (GH) using a cross balanced design. Animals were tested for a wide array of agonistic and antagonistic social behaviors using a standard social play testing paradigm. Animals were then tested for depressive-like behaviors in the forced swim test and sucrose preference test. Brain sections containing the PVN and SON were immunostained for OT immunoreactivity (OT-ir), and numbers of OT-ir cells in the PVN and SON were quantified stereologically.
Materials and methods

Experimental overview
A schematic diagram depicting the timeline of experimental procedures is presented in Fig. 1 . The day of birth for each litter was designated as post-natal day (PND) 0. As shown, newborn offspring were cross-fostered on PND 1 to generate 8 experimental litters of 10 pups each (n = 80), with each litter comprising 5 male pups and 5 female pups. Maternal separation (MS) or controlled non-separation (non-MS) procedures occurred daily from PND 2 to weaning on PND 21. Animals were weaned on PND 21 and using a cross balanced design, were housed either singly or in groups for the remainder of the experiment. All experimental animals were tested once for social play behaviors between PND 33 and PND 38. Animals were then tested once in the forced swim test between PND 60 and PND 64, followed by a sucrose preference test between PND 79 and 81. All animals were euthanized between PND 103 and 107.
Animals
Experimental animals were the offspring of 12 timed pregnant Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN). Upon arrival on gestational day (GD) 15, dams were housed in pairs until GD 18 and were then single housed from GD 19 until parturition. The animals were housed on a 12 h light cycle (lights on at 0800 h) in standard cages (43 cm × 20.5 cm × 20 cm) with 1/4 in. corn cob bedding (Harlan Laboratories) with access to food (Teklad LM-485 mouse/rat serializable diet, Harlan Laboratories) and water ad libitum. The animal housing room was maintained at 20-26 • C with 50% controlled humidity throughout the experiment. Animal care and maintenance was in accord with the Animal Welfare Act and the U.S. Department of Health and Human Services "Guide for the Care and Use of Laboratory Animals" [23] , and all experimental procedures were consistent with National Institute of Health guidelines and approved by the Howard University Institutional Animal Care and Use Committee.
On PND 1, litters were culled and pups were cross-fostered so that each dam had a litter of five males and five females. Culled pups were euthanized by lethal injection with the euthanasia drug SomnaSol (active ingredients: 390 mg/ml sodium pentobarbital and 50 mg/ml phenytoin; Henry Schein Animal Health, Dublin, Ohio) and were then rapidly decapitated to ensure death. Pups from eight of the litters (n = 80) were included in the experiment, and eight additional pups (four males and four females) were housed in same sex groups to be used as conspecific stimulus animals for social play testing.
Post-natal and post-weaning social deprivation
Four of the eight experimental litters (n = 40 pups) were randomly assigned to undergo post-natal social deprivation through maternal separation (MS). MS was performed from PND 2 through PND 21 for 4 h daily (0800-1200 h) based on the protocol of Leussis et al. [10] . During MS treatment, the dam was gently removed from the home cage and placed in an individual cage in a separate room while the pups remained in their home cages with their littermates. The other four litters (non-MS, n = 40 pups) remained unseparated from their mothers until weaning at three weeks of age. All pups were weaned on the afternoon of PND 21. The 80 weanlings were ear tagged for identification, placed on a reversed light cycle in preparation for behavioral testing (lights on from 2000 h to 0800 h), and assigned to be housed either singly (SH) or in same-sex groups of three or four (GH) using a cross balanced design. This generated four experimental groups of 10 males and 10 females each: maternally separated and singly housed, maternally separated and group housed, non-maternally separated and singly housed, and non-maternally separated and group housed. Animals remained in these housing conditions for the remainder of the experiment.
Social play testing
A single social play test (SPT) was performed on each animal between PND 33-38. Testing took place in a darkened room illuminated with red lamps. For the duration of each day's testing session, experimental and conspecific stimulus animals were placed in separate individual cages with free access to food and water. All animals were habituated to the testing room for 30 min, and the backs of the conspecifics were marked with a black marker for visual identification. Each conspecific animal was used no more than twice on any testing day.
SPT was conducted in a testing chamber (30 cm × 20 cm × 55 cm) that was filled with 1/4 in. of clean bedding. Following habituation, the conspecific animal was placed in the clean testing cage followed by the test animal. Behaviors of the test animal were then recorded for 15 min using software that allowed for the timestamped recording of each behavioral event. Eleven standard social behaviors were recorded by two independent observers: approach, box, chase, climb under, climb over, fight, groom, pin, reject, run away and sniff. Because pinning was a frequent constituent of fighting, the frequencies of these two behaviors were added together to generate values for a single measure (fight/pin). Scores from the two observers were then averaged to generate one final score for each behavior. After each test, the testing animal and conspecific animal were returned to their cages, and the testing cage was emptied, cleaned with a 95% alcohol solution and replenished with clean bedding.
Forced swim test
Each experimental animal was tested once in the forced swim test (FST) between PND 60-64. Because the animals did not receive any antidepressant treatments and their post-natal and postweaning conditions remained constant once assigned, the FST was performed using a single-test paradigm [37, 38] . Prior to testing, each rat was placed in an individual cage in the testing room with free access to food and water. All animals were habituated to the testing room for 30 min. For testing, each rat was gently introduced into a clear plexiglass cylinder measuring 17 cm in diameter Fig. 4 . Effects of sex on chase (top) and run away (bottom) behaviors. Females (n = 40) exhibited these behaviors more than males (n = 40). Middle line in the box represents the median; lower box bounds the first quartile; upper box bounds the 3rd quartile. Lower and upper whiskers represent the 10th and 90th percentiles, respectively. All outliers (closed circles) were included in the analyses. **Significant difference between groups; p ≤ 0.01; *Significant difference between groups; p ≤ 0.05. and 60 cm in height that was filled to 30 cm with room temperature water (25 ± 1 • C), and active (swimming or climbing) and passive (immobility) behaviors were recorded once every 5 s for the duration of a 5 min testing session. An observer who was blind to the experimental conditions of the animals scored each behavioral event as mobility if there were swimming or upward-directed climbing movements, and immobility was scored when there was a total lack of movement or the animal displayed only enough activity to keep its head above water. Behavioral observations from each 5-s epoch of the test were summated, and the percent immobility (# immobility events/total # events × 100) was calculated for each animal [39, 40] .
Sucrose preference test
A 24 h sucrose preference test (SUT) was performed once on each animal between PND 79-81. For three days prior to the SUT, rats were habituated to the presence of two drinking bottles; one bottle contained 1% sucrose and the other contained only water. 5 . Two-way interactions between MS treatment and housing condition on groom (top) and sniff (bottom) behaviors. MS animals in the SH condition displayed more groom and sniff behaviors. There was no effect of MS among GH animals. *Significant difference between NS and non-MS animals; p ≤ 0.05, n = 20 per group.
The SUT was conducted immediately after habituation. During the 24 h testing period, all animals were placed in individual cages with food available ad libitum. The cages allowed equal free access to the 1% sucrose solution (weight/volume) and the bottle containing only water.
Measures of sucrose preference (1% sucrose consumption/total liquid consumption × 100) were collected at 6, 12, and 24 h. At each time point, an observer blind to treatment conditions weighed the bottles to determine the amount of liquid consumed. The positions of the two drinking bottles were switched halfway between each time point to reduce any confound produced by side bias.
Perfusion and tissue collection
Experimental animals were euthanized by transcardial perfusion between PND 103-107 using previously published methods [41] . All cage mates were euthanized on the same day to maintain consistent experimental housing conditions throughout the study. Each animal was deeply anaesthetized with SomnaSol and when the animal was completely unresponsive to a toe pinch stimulus, the thoracic cavity was opened and the animal was 6 . Effects of housing and sex on % immobility observed in the forced swim test. Single housed animals exhibited greater % immobility than group housed animals (n = 40 per group), and females showed greater % immobility than males (n = 40 per group). Middle line in the box represents the median; lower box bounds the first quartile; upper box bounds the 3rd quartile. Lower and upper whiskers represent the 10th and 90th percentiles, respectively. All outliers (closed circles) were included in the analyses. *Significant difference between groups; p ≤ 0.05.
perfused transcardially with 0.9% saline followed by ∼400 mL 4% paraformaldehyde. Brains were collected and post-fixed at 4 • C for 4 h in 25% sucrose in 4% paraformaldehyde. They were then placed in 25% sucrose in 0.02 M potassium phosphate buffered saline (KPBS) and incubated at 4 • C overnight. The following day, the brains were rapidly frozen in powdered dry ice and stored at −80 • C.
Frozen brains were sliced into 40 m sections using a sliding microtome (Leica Microsystems Inc., Buffalo Grove, IL). A small hole was placed on the right cortical surface of each brain before cutting to facilitate consistent orientation of the sections on slides. For each brain, three sequential series of sections were collected from the prefrontal cortex through the entire forebrain at an angle corresponding to the atlas of Swanson [42] . Sections were then stored at −20 • C in an antifreeze solution (20% glycerol and 30% ethylene glycol in 0.02 M KPBS) until immunohistochemical processing.
Immunohistochemistry
Half of the experimental animals (n = 40) from the experiment were selected for immunostaining and anatomical analysis. The animals selected included 5 males and 5 females from each of the four post-natal/post-weaning treatment groups. Sections from one series per animal that encompassed the entire PVN and SON were selected and immunostained using a previously published protocol from our lab [43] . Prior to each stage of the process, sections were washed for 1 h in frequent changes of 0.02 M KPBS. Sections were pre-incubated overnight at 4 • C in 0.02 M KPBS containing 2% normal goat serum and 0.3% Triton-X (LKPBS) along with 1% H 2 O 2 to eliminate endogenous peroxidase activity. Following preincubation, sections were placed in a rabbit polyclonal antibody generated against a synthetic OT peptide (1:100,000 in LKPBS; ImmunoStar, Hudson, WI) at 4 • C for 48-72 h. Sections were then incubated in a biotinylated goat anti-rabbit IgG secondary antibody (1:200 in KPBS; Vector Laboratories; Burlingame, CA) for 2 h at room temperature, followed by a 90 min incubation at room temperature in avidin-biotin complex (Vectastain Elite ABC kit, Vector Laboratories) to amplify the biotin label.
OT-ir cells were visualized using a DAB (diaminobenzidine) Peroxidase Substrate Kit (Vector Laboratories) with nickel enhancement. For every four animals, 6 drops of buffer stock solution, 24 drops of DAB stock, 12 drops of H 2 O 2 solution and 12 drops of nickel solution were added to 30 mL of distilled water. Free-floating tissue sections were incubated in the DAB solution for 3-3.5 min to allow suitable staining to develop. Sections were then rinsed overnight in KBPS and mounted onto gelatin coated glass slides. Prior to coverslipping with DPX mountant (Sigma-Aldrich; St. Louis, MO), sections were lightly counterstained with cresyl violet to aid in the identification of anatomical landmarks and nuclei of interest.
Stereology
The StereoInvestigator design based stereology system (MicroBrightField Inc., Williston, VT) was used to estimate total number of OT cell bodies in the PVN (every 3rd section) and SON (every 6th section) of each animal. The PVN was subdivided into two regions for analysis, the anterior parvicellular division (PVNap) and the main cell groups of the PVN (PVNproper: dorsal, lateral and medial parvicellular divisions and anterior, medial and posterior magnocellular divisions; [44] ; See Fig. 2 ). Contours were drawn around each region of interest (ROI) and cell counts within the contours were performed using the optical fractionator probe [45] . Parameters for the probe (grid layout and XY dimensions of the counting frame) were established prior to counting. For the PVNap, the grid size was 40 m × 40 m and the counting frame size was 30 m × 30 m. For the PVNproper, the grid size was 100 m × 100 m and the counting frame was set at 30 m × 30 m and for the SON, the grid size was 85 m × 85 m and the counting frame size was 30 m × 30 m. The height of the disector was determined for each animal by measuring the thicknesses of all of the sections. The disector height was set to be two microns less than the minimum section thickness for each ROI, ensuring guard zones of at least one micron above and below the counting frame. These counting frame parameters and sampling frequencies yielded coefficients of error (CE) of 0.10 or less for all estimates of cell numbers in the PVNproper and SON (Gundersen CE, m = 1). For the PVNap, 5 animals that had CE values greater than 0.10 were removed from the analysis.
Once the optical fractionator parameters were established, cell counts were performed at each sampling site using a 100× oil immersion objective (N.A. = 1.40), and estimated numbers of OT cells in the PVNap, PVNproper and SON were recorded for each animal. Fig. 7 . Effects of housing on sucrose preference across 24 h. At 6 h and 12 h, SH animals had a lower sucrose preference than GH animals (n = 40 per group). There was no effect of housing on sucrose preference at 24 h. Middle line in the box represents the median; lower box bounds the first quartile; upper box bounds the 3rd quartile. Lower and upper whiskers represent the 10th and 90th percentiles, respectively. All outliers (closed circles) were included in the analyses. **Significant difference between groups; p ≤ 0.01; *Significant difference between groups; p ≤ 0.05.
Data analysis
All statistical analyses were performed using SigmaStat ® SPSS Inc. (Chicago, IL). The level of statistical significance was set at p ≤ 0.05. Data from the behavioral testing and OT neuronal cell counts were initially analyzed by three-way ANOVA (sex × MS treatment × housing), and interactions and main effects were further analyzed with 2-way and 1-way ANOVAs where appropriate. 1-Way analyses of main effects consistently failed the assumptions of equal variance and/or normal distribution, so all main behavioral effects from the SPT, FST and SUT were reanalyzed using Mann-Whitney nonparametric analysis on ranks. All animals were included in the analyses without the removal of outliers. Potential relationships between individual animals' behavioral profiles and numbers of parvicellular OT-ir neurons were explored through Pearson and Spearman correlation analyses (number of PVNap OT-ir cells × number of behavioral events). When the correlation data failed the assumptions of normal distribution required for the Pearson test, results from the Spearman test were used.
Results
Social play test
All social play data were subjected initially to 3-way ANOVAs (sex × MS treatment × housing condition), and strong main effects of housing were indicated for all of the social play behaviors. Subsequent Mann-Whitney tests confirmed a main effect of housing condition for all 10 behaviors. As shown in Fig. 3 , single housed animals displayed significantly higher frequencies of each behavior than did group housed animals (p ≤ 0.001 for all behaviors). For chase and run away behaviors, there was also a main effect of sex. Females exhibited significantly more chase and run away behaviors than males (Fig. 4) .
No main effects of MS were observed for any of the 10 social play behaviors. However, significant 2-way interactions between MS treatment and housing condition were found for groom and sniff behaviors. For both behaviors, Holm-Sidak post hoc tests revealed that effects of MS were seen only in single housed animals; MS did not affect grooming or sniffing behaviors in group housed animals (Fig. 5) .
Forced swim test
Data on % immobility in the FST are presented in Fig. 6 . 3-Way ANOVA indicated main effects of both housing and sex, and these effects were confirmed through Mann-Whitney nonparametric analyses. As shown, single housed animals spent a significantly greater percentage of time exhibiting immobility than group housed animals, and females had significantly higher % immobility than males (p ≤ 0.05). Three was no effect of MS treatment on % immobility in the FST.
Sucrose preference test
Results from the SUT are presented in Fig. 7 . As shown, a significant main effect of housing condition was seen at both 6 h (p ≤ 0.01) and 12 h (p ≤ 0.05). At both time points, single housed animals showed a reduced sucrose preference compared to group housed animals. Effects of housing on sucrose preference were no longer observed at 24 h. There were no effects of sex or MS treatment on sucrose preference at any time point. 
Numbers of OT-ir cells
Numbers of OT-ir cells in the PVNap, PVNproper and SON are presented in Table 1 (mean ± sem) and Fig. 8 . Three-way ANOVA revealed that there were no main effects of sex, MS treatment or housing condition on numbers of OT-ir cells in the PVNproper or in the SON, nor were there any significant interactions between factors. In contrast, a significant main effect of housing was indicated in the PVNap [F (1,34) = 4.978, p = 0.034]. Numbers of PVNap OT cells in group housed animals ranged from approximately 1000 to 5000 whereas for single housed animals, PVNap cell counts were all less than 3500. Subsequent Mann-Whitney nonparametric analyses, however, revealed this effect to be statistically non-significant (p = 0.113, not shown).
Correlation analyses
Results from correlation analyses (frequency of behavior × # PVNap OT-ir cells) are presented in Fig. 8 . Significant inverse correlations existed between the numbers of PVNap OT cells and the frequency with which animals displayed approach, box, chase, run away, reject and fight/pin behaviors (p ≤ 0.05). Animals with lower numbers of OT-ir cells showed these behaviors more frequently than those with higher numbers of OT-ir cells. There was no correlation between the numbers of PVNap OT-ir cells and the frequencies of sniff, groom, climb under or climb over behaviors, nor was there any correlation between the numbers of OT-ir cells and measures of depressive like behaviors in the FST or SUT (not shown).
Discussion
This experiment compared the effects of post-natal and postweaning social isolation on the display of social play behaviors and the numbers of hypothalamic OT neurons. Previous studies have demonstrated that group housing or environmental enrichment can alleviate the physiological and behavioral effects of a prior social stressor [19, 46] . In the present study, we hypothesized that social enrichment in the form of group housing would be effective in improving social deficits seen in MS animals. However, the predicted interactions between MS and housing condition were observed only for sniffing and grooming behaviors. The effects of MS on these two behaviors were observed only in SH animals, whereas we saw no effect of MS on sniffing and grooming in GH animals. Our data support the premise that GH can reduce the negative impact of MS for some behaviors. Both sniffing and grooming are typically characterized as affiliative behaviors, suggesting that the benefits of GH may be to promote agonistic behaviors. It does not appear, however, that these effects result from changes in the numbers of OT neurons, as correlations between numbers of OT neurons in the PVNap and the frequencies of sniffing and grooming behaviors were not observed. Housing was by far the most significant factor in disrupting social play and inducing depressive-like behaviors. SH animals exhibited increased frequencies of all behaviors observed in the SPT, FST and SUT. In the SPT, SH rodents displayed markedly high frequencies for all behavioral measures, irrespective of whether the behaviors were agonistic or antagonistic. Social isolation through single housing is known to cause increased exploration and elevated physiological stress responses to a novel environment [19] . Animals in the SPT test had not been previously exposed to the testing environment or the conspecific animals, so it is possible that the novelty of the testing situation elicited hyperactive behavioral profiles. However, generalized behavioral hyperactivity was not observed in SH animals in the FST, during which they displayed increased immobility compared to GH animals. Rather, our data are consistent with the premise that SH leads to abnormally enhanced activation of the HPA axis and stress hyper-reactivity [19] [20] [21] [22] .
Effects of sex were not observed for the majority of social play behaviors examined. This may be due to the timing of the SPT. Because our experimental design required that animals enter into their post-weaning housing conditions before the onset of behavioral testing, our SPT test was performed on PND 33-38. Previous groups demonstrate an emergence of sex differences in play behavior that is evident in weanlings but that does not persist into the post-weaning juvenile period [47] , which may explain the limited sex effects on social play observed in the present study. We did observe a sex effect for run away and chasing behaviors, which were exhibited more by females. These behaviors are among those for which we report an inverse correlation with numbers of OT-ir cells in the PVNap. However, it is unlikely that the increased display of running away and chasing seen in females was due to changes in numbers of OT-ir neurons as we found no effect of sex on numbers of OT-ir cells in the PVNap (p = 0.98) or any other area.
We also saw an effect of sex in the FST, with females exhibiting a greater degree of immobility than males. This finding is consistent with human and animal studies that demonstrate an increased prevalence of depression and depressive-like behaviors in females. This may be due to elevated HPA responsiveness in women [48] [49] [50] . Interestingly, social isolation can further exacerbate females' vulnerability to depression, which may reflect additive effects of isolation and sex on stress responses [51] . Previous groups have reported a potential role for OT in the etiology of depression [31] [32] [33] . However, we found no sex differences in numbers of OT-ir neurons in the hypothalamus and no correlation between numbers of OT-ir neurons and measures of depressive-like behaviors. An important consideration in interpreting this finding is that we did not examine OT receptor number or binding capacity in the present experiment. Further studies examining OT receptor binding profiles are necessary to better understand how OT may exert antidepressant properties in the social isolation model.
We did not observe a main effect of MS on any behavioral measure. This finding is surprising, as a wealth of literature has described the behavioral consequences of MS treatment. However, the results of studies that employ MS paradigms are often inconsistent. For example, MS has been shown to increase offenses play behaviors and intermale aggression in rats [5, 52] , but opposite effects are reported for mice [53, 54] . This may be attributable to differences in species or differences between MS experimental protocols. There is great variability in the methodological details used in studies that employ MS, and interpretation of literature in the field often requires distinguishing between substantially different experimental paradigms (see [55] for review). In the present study, we employed an MS protocol in which we did not remove litters from their home cages during the period of separation, but only removed the dams. Our goal was to examine effects that could be attributed solely to maternal deprivation and would not elicit changes due to social isolation or exposure to a novel environ-ment. We also extended the period of MS until weaning on PND 21. Pups were therefore able to function fairly independently and interact socially during their third week of life. These features of our methodological approach may have minimized the stress associated with MS, allowing for relatively normal social development. However, our methodology also differed from commonly used MS protocols in that our dams were bred off site and shipped while pregnant. The shipping of the animals during pregnancy may have introduced prenatal stress that was not a factor in some other studies. The effects of in utero transport of rodents have not been investigated thoroughly, but shipping during pregnancy has been shown to alter neurodevelopment in the offspring [56, 57] , possibly through mechanisms related to prenatal stress [58] . It is possible, therefore, that the confounding effects introduced by the use of timed pregnant shipped animals may have masked the effects of the post-natal MS stressor.
OT-ir in the PVN has been shown previously to be sensitive to MS [53] and neonatal handling [59] , but these effects have not been consistent across studies (see [60] for review). In the present study, effects of housing on numbers of OT-ir neurons in the PVNap did not achieve statistical significance. This may be due to our quantification of only a subset of parvicellular OT neurons in the PVN. While PVNap contains only parvicellular neurons, groups of parvicellular neurons are also found in the PVNproper. We did not distinguish OT-ir cell type in the PVNproper, so cell counts reflected both magnocellular and parvicellular neuronal populations. It is therefore possible that we would have observed a stronger effect of housing on OT-ir had we quantified all of the parvicellular cell groups of the PVN. We also saw no significant effect of sex in the PVNap or any other area. Anatomical analyses were run on only half of the animals (n = 40) and with respect to the PVNap, we were able to quantify only 35 out of the 40 animals. This yielded only 3-5 animals of each sex for some groups, and these marginal n numbers may have contributed to the lack of statistically significant effects revealed in our Mann-Whitney analyses. However, the neurostereological approaches that we employed represent state-of-the-art quantitative anatomical analyses designed to minimize methodological variance [61] and given the magnitude of the p-value for effects of sex on PVNap OT cell number (p = 0.98), it is unlikely that higher n numbers would have revealed a statistically significant sex difference. We also found no effect of treatment or sex on OT-ir cells in the SON. A previous study on bipolar and major depression patients found a 50% decrease in total neuron number in the PVN but did not report any difference in numbers of cells in the SON [62] , suggesting that magnocellular neurons found in the SON may not play a role in the etiology of depression.
Conclusions
Depression and anxiety can be characterized by impaired social behavior but social relationships may buffer these effects. In the present study, we demonstrate a significant negative correlation between numbers of PVNap OT-ir neurons and behavioral profiles. Interestingly, this inverse relationship was observed primarily for antagonistic behaviors such as boxing and fighting/pinning. We saw no relationship between the numbers of OT-ir cells and the display of prosocial behaviors. This finding is significant, as it sheds light on the variable results from studies that attempt to correlate OT neurobiology with social behaviors. OT is typically thought to promote positive social interactions, social bonding and trust. The present results suggest that these influences are not reflective of OTergic enhancement of agonistic social behaviors but rather, that OT exerts these effects through the inhibition of antagonist behaviors. Since OT has a crucial role in social behavior and in attenuating the HPA axis' stress response, these findings support the use of OT as a potential therapeutic approach for humans suffering from disorders such as autism and depression that are characterized by impaired sociality and heightened social antagonism.
